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ABSTRACT
We present a non-parametric reconstruction of the rotation curves (RC) for 88 spiral
galaxies under the LOESS+SIMEX technique. In order to compare methods we also
perform the parametric approach assuming core and cuspy dark matter (DM) profiles:
PISO, NFW, Burkert, Spano, the soliton and two fuzzy soliton+NFW. As result of this
two approaches, a comparison of the RC obtained is carried out by computing the dis-
tance between central curves and the distance between 1σ error bands. Furthermore,
we perform a model selection according to two statistical criteria, the BIC and the
value of χ2
red
. We work with two groups. The first one is a comparison between PISO,
NFW, Spano and Burkert showing that Spano is the most favored model satisfying
our selection criteria. For the second group we select soliton, NFW and Fuzzy models,
resulting the soliton as the best model. Moreover according to the statistical tools and
non-parametric reconstruction we are able to classify galaxies as core or cusp. Finally,
using an MCMC method, we compute for each of the DM models the characteristic
surface density, µDM = ρsrs, and the mass within 300 pc. We found that there is a
common mass for spiral galaxies of the order of 107 M, which is in agreement with
results for dSph Milky Way satellites, independent of the model. This result is also
consistent with our finding that there is a constant characteristic volume density of
haloes. Finally, we also find that µDM is not constant, which is in tension with previous
literature.
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1 INTRODUCTION
Since the observation of the rotation curves in spiral galaxies
(Sofue & Rubin (2001)) one of the main problems in galactic
dynamics is how to determine the shape of the dark matter
halo. Currently, a variety of dark matter density profiles can
be found in the literature, e.g.Begeman et al. (1991); Navarro
et al. (1996); Burket (1995); Spano et al. (2008); Einasto
(1965); Garcia-Aspeitia et al. (2017); Chen et al. (2017);
Herna´ndez-Almada & Garc´ıa-Aspeitia (2018)).
When used in N-body simulations, some of these mod-
els are able to reproduce the large scale structure of the uni-
verse. Nevertheless, at smaller scales, some problems arise
such as the DM content in dwarf galaxies or the num-
ber of satellite galaxies, these problems are expected to be
? E-mail: lfernandez@fis.cinvestav.mx
† E-mail: amontiel@icf.unam.mx
‡ E-mail: marioalberto.rodriguez@inin.gob.mx
strongly related to the baryonic contribution to the dynam-
ics of structure formation. On the other hand, there is the
so called cusp-core problem consisting in the observation
that in some galaxies the center of the dark matter halo
features a core behavior ρDM ∼ constant, which is in dis-
agreement with the cuspy behavior predicted by the simu-
lations, ρDM ∼ r−1 (for review see: de Blok (2010); Pontzen
& Governato (2014)). Furthermore, by cosmological simula-
tions Schive et al. (2014), a density profile with inner soliton-
like profile was derived, called Fuzzy, wave or ultra-light ax-
ion with an asymptotic NFW declination in the outer points,
see Bernal et al. (2018) and references therein for a review.
It would be a step forward toward to the solution of the
cusp-core problem, if we had data of galaxy rotation curves
with higher spatial resolution at the center of the system.
This later was one of the main concerns of the Spitzer Pho-
tometry and Accurate Rotation Curves (SPARC) database
team (Lelli et al. 2016). They probed the inner regions at
high spatial resolutions, and classify galaxies using a qual-
© 2018 The Authors
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ity flag Q: 1 = high, 2 = medium and 3 = low. With more
accurate data we may be able to fit core models and on the
contrary, with low resolution data the cusp models, like the
NFW (de Blok & Bosma 2002; Oh et al. 2015).
On the other hand, in the standard approach one se-
lects a particular density profile or model of rotation curves,
with a specific functional form between dependent and inde-
pendent variables and then constrain the parameters of the
chosen theory employing bayesian methods together obser-
vational data of galaxies (Bernal et al. 2018; Garcia-Aspeitia
et al. 2017; Li et al. 2019). The main problem of this method
is the susceptibility to bias if the data is not well-represented
by the assumed parametric model. Since the goal is to de-
termine the best-fit of the model parameters, this approach
is called parametric.
In contrast, the goal of a non-parametric approach is to
infer a global trend directly from data to assess sensitivity
about the assumptions made in an specific parametric model
and try to distinguish among competing cosmological mod-
els, for instance. Besides, it is also useful if a well justified
functional form for the object of interest is not available or,
even with a reasonable parametric model but there is a lack
of data to infer other details of the theory. Specifically, in
this kind of scenarios a correlation between each data point
is assumed but prior information about the functional form
of the observable is not required. So far it has been possi-
ble to gain useful information about the dark energy cosmic
evolution directly from observations by using this kind of
non-parametric methods, see for instance Huterer & Stark-
man (2003); Espana-Bonet & Ruiz-Lapuente (2005); Bonvin
et al. (2006); Shafieloo et al. (2006); Bogdanos & Nesseris
(2009); Holsclaw et al. (2010); Alberto Vazquez et al. (2012);
Montiel et al. (2014).
In this work, the approach LOESS+SIMEX presented
in Montiel et al. (2014), which is a simple but powerful non-
parametric regression technique that takes into account the
observational errors, is employed. LOESS (Locally Weighted
Scatterplot Smoothing) method originally was introduced
in Cleveland (1979) and further developed in Cleveland &
Devlin (1988). It recovers the global trend of data by using
a weighted least squares and fitting a low-degree polynomial
to a subset of the data, giving more weight to points near the
point whose response is being estimated and less weight to
points further away. Because LOESS method does not take
into account the measurement errors while reconstructing
the response parameter, the effect of observational errors
should be captured with another statistical technique: the
SIMEX (Simulation and Extrapolation) method (Cook &
Stefanski 1994; Stefanski & Cook 1995). These methods were
first used together in cosmology in Montiel et al. (2014) with
significant success. Later on, this technique was applied for
reconstructing other cosmological quantities in Rani et al.
(2015); Rana et al. (2016); Escamilla-Rivera & Fabris (2016)
providing also good results. Here we adapt the method to
reconstruct the rotation curves of galaxies without assuming
any prior or DM model.
We investigate the influence of the galactic DM halo on
the rotation curves applying the LOESS+SIMEX method,
for which the galaxy rotation curves from the SPARC
database (Lelli et al. 2016) are used, in particular a sub-
sample whose main feature is that the contribution of dark
matter is greater than 50% such that the structure of the
rotation curve comes mostly from dark matter and not from
baryonic information (gas and stars). Another important
characteristic of the subsample is that we only consider those
galaxies with a quality factor of Q = 1 or 2, according to Lelli
et al. (2016).
Furthermore, it is presented a comparison of the χ2
fitted velocity rotation curves with the non-parametric re-
construction method through the distance between central
curves (BDIST ) and the distance between 1σ errors bands
(BD1σ). Besides, in our analysis we use statistics tools such
as P-value, the Bayesian information criterion (BIC), the
Akaike information criterion (AIC) and minimization of the
χ2 in order to perform a model selection according to the
best values. In particular we work with two groups of mod-
els. The first group is aimed to contrast Core and Cusp mod-
els (Piso, NFW, Spano and Burkert) and the second one is
aimed to compare Core, Cuspy, and Fuzzy models (Schive,
NFW, and two hybrid Schive-NFW). Our criteria for model
selection are: the best BIC value; the lowest BDIST value
and the lowest BD1σ value. Additionally, from the statis-
tical tools mentioned above and from the non-parametric
reconstruction, a possible classification of galaxies as core or
cuspy is investigated.
Finally, the scaling relationship of the DM haloes and
the luminosity of the galaxies using a bayesian Markov
Chain-Monte Carlo (MCMC) method are analyzed. In par-
ticular we study the characteristic volume density ρs, the
scale length rs, the characteristic central surface density ρsrs
and the central DM halo mass within 300 pc. We show that
the scaling relations help us to understand better the core-
cusp problem.
The structure of this work is as follows: in Sec. 2 we
review the main properties of the galaxy rotation curves
and the selection criteria of galaxies from SPARC we have
worked with; in Sec. 3 we briefly summarize the LOESS
and SIMEX techniques; in Sec. 4, we present the statistical
methodology to perform the model selection; in Sec. 5 we
report the results; in Sec 6 the results are discussed and
finally we end up with the conclusions in Sec. 7.
2 GALAXY ROTATION CURVES
Let us start by pointing out that we shall consider rotation
curves of galaxies within the weak gravitational field limit
in order to investigate DM parameters.
The rotation curve V(r) is obtained from the absolute
value of the effective gravitational force as:
V2(r) = r
 dΦ(r)dr 
=
√
G
MDM(r)
r
+ ΥDiskV2Disk + V
2
Gas, (1)
where Φ(r) is the gravitational potential, MDM(r) is the halo
mass of the DM distribution, VDisk and VGas are the contri-
butions of the stellar disk and gas disk velocities and ΥDisk
is the stellar mass-to-light ratio of disk. In VGas is already
included the mass-to-light ratio ΥGas.
The models we select to fit each rotation curve can be
reviewed in the appendix A; there the explicit form of the
density profile and the velocity function are included for
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each case considered in this work. Specifically PISO, NFW,
Spano, Burkert and the scalar field DM (SFDM) models.
Here we discuss only the less known SFDM cases (for a
recent review see Bernal et al. (2018)). As was pointed out
in the Introduction, large scale numerical simulations have
provided two profiles. The first one is the NFW using CDM
model, and, the second one, using SFDM, an inner soliton-
like profile, that we called Schive Wave DM model (WDM),
with an asymptotic NFW decline in the outer points, called
Schive Wave+NFW DM (SNFW), Schive et al. (2014). At
cosmological scales these two models are equivalent. How-
ever, CDM presents some challenges at the galactic level
that can be solved using the Wave DM model because of
its core nature. Moreover, Schive et al. (2014) derived an
empirical density profile that described DM haloes with a
soliton-like core embedded in an NFW density profile dom-
inant at large radii. Such profile can be approximated by
ρSNFW(r) = Θ(r − r)ρWDM(r)
+ Θ(r − r )ρNFW(r), (2)
where Θ is the step function, r the transition radius where
density changes from the Schive profile
ρWDM(r) = ρw(1 + aw(r/rw)2)8
, (3)
to the NFW profile Eq. (A6). Here aw = 0.091, ρw is the
core density and rw is its scale radius. Once ρw and rw are
fitted, the boson mass mw is found using ρw = 1.9(mw/10−23
eV)−2(rw/kpc)−4 Mpc−3. The total density (2) has five pa-
rameters (ρw , rw , r , ρn, rn), the last two parameters are
defined in Eq. (A6). The last issue is related to the match-
ing conditions at the transition radius r in Eq. (2). There
are two possibilities. Either use only the continuity in the
density function, or apply a continuity condition to the den-
sity function and its derivative. The former case yields four
parameters to fit, while the latter case leaves us with three
parameters to fit. The last SFDM model to consider is where
the core part dominates the galaxy. In such a case Eq. (2)
reduces to only the first term, ρWDM (r), with two parame-
ters to fit. The complete expressions for all models are given
in the Appendix A.
Regarding the galaxy selection, we are considering the
baryonic contribution for each rotation curve of SPARC
(Disk and Gas), the same values of ΥDisk = 0.5 M/L at 3.6
µm and ΥGas = 1.33 M/L (Schombert & McGaugh 2014;
Lelli et al. 2016; Lelli et al. 2017).
Since for the fitting we shall assume a considerable
contribution of dark matter, we choose galaxies from the
SPARC catalogue (Lelli et al. 2016) for which the percent-
age of dark matter contribution lies between 90 > fDM > 60,
where fDM/100 = MDM(rmax)/(MBar(rmax)+MDM(rmax)), MDM
corresponds to the dark matter contribution for each model,
and MBar is the total baryonic mass, both evaluated at the
outer value of the observed radius of the rotation curve rmax.
Within our sample, we classify galaxies according to the
dominant baryonic component, consequently, those domi-
nated by gas are of the order of 83.3%, the ones dominated
by the stellar disk, 14.6% and 2.08% where the gas and the
stellar disk contribute with the 50% from the total photo-
metric information (NGC 0300, for example). However, ac-
cording to the morphology of the galaxies and the Hubble
classification, we have a galaxy selection where ∼ 33.3% are
Sm, 27.08% Im, 20.83% Sd, Scd = Sdm = 6.25%, 4.17% Sc
and 2.08% BCD (Lelli et al. 2016).
In the following section we briefly review the non-
parametric curve fitting method employed in our sample.
3 NON-PARAMETRIC RECONSTRUCTION
METHOD
3.1 Basis of LOESS
LOESS is a non-parametric method in the sense that the fit-
ting is performed without having to specify in advance the
relationship between the dependent and independent vari-
ables. At each point of the data set a low-degree polynomial
is fit to a subset of this data, the polynomial is obtained by
weighted least squares, giving more weight to points near to
the point whose response is being estimated and less weight
to points further away. The value of the regression function
for the point is then obtained by evaluating the local poly-
nomial using the independent variable value for that data
point. The LOESS fit is complete after regression function
values have been computed for each of the n observational
measurements. This whole process offers the possibility to
get the full view of the global trend of the data, which is the
original objective of the procedure. To obtain the graphical
account of the relationship between dependent and indepen-
dent variables, it suffices to join the reconstructed points
with a line.
Here we work with observational data of rotation curves
of galaxies, so the radius R, measured in kpc, will be our
independent variable while the velocity V of the stars or gas
particles, in units of km/s, corresponds to the dependent
variable.
In the following the main elements of the method are
briefly discussed. For further details we encourage the reader
to see Montiel et al. (2014) and references therein.
i. Smoothing Parameter
The smoothing parameter, s, also called span determines
how many data points should be used in each weighted least
squares fit. The span ranges between 0 and 1 and controls
the flexibility of the LOESS regression function. Large val-
ues of s produce the smoothest functions that wiggle the
least in response to fluctuations in the data but small values
of s produce more irregular reconstructed curves, because
the intrinsic noise and dispersion of data is fully captured.
Choice of the span, the degree of polynomial, and the weight
function can all affect the trade-off between the bias and
variance of the fitted curve, however, the value of the span
has the most important effect as can be seen in Fig. 1, in
which the differences in the fitted regression curves are asso-
ciated to the choice of span. In order to minimize this effect,
as in Montiel et al. (2014), the election of the optimal value
of the span s is done by using the cross-validation method
which aims to minimize the mean squared error of the fit.
ii. Weight Function
As mentioned above, the weight function assigns a large
weight to the data points nearest the point of estimation
and a low weight to the data points that are furthest away.
The usual weight function employed for LOESS is the tri-
MNRAS 000, 1–19 (2018)
4 L. M. Ferna´ndez-Herna´ndez et al.
s=0.2
0 2 4 6 8 10 12 14
0
20
40
60
80
100
120
r[kpc]
V[km
/s]
s=0.3
0 2 4 6 8 10 12 14
0
20
40
60
80
100
120
r[kpc]
V[km
/s]
s=0.2
0 2 4 6 8 10
0
20
40
60
80
r[kpc]
V[km
/s]
s=0.3
0 2 4 6 8 10
0
20
40
60
80
r[kpc]
V[km
/s]
Figure 1. LOESS reconstruction for the NGC0247 (upper figures) and UGC08490 (lower figures) galaxies, obtained by using different
values for the span, s, showing the impact of the choices of s in the reconstructed curve (regardless the observational errors).
cube weight function,
w(x) =

(
1 − |x |3
)3
for |x | < 1
0 for |x | ≥ 1
. (4)
However, any other weight function that satisfies the proper-
ties listed in Cleveland (1979) is also useful. Such properties
are a positive weight function and even a treatment of points
left and right of each point xi . In addition, it is desirable that
w(x) decreases smoothly to 0 as x goes from 0 to 1. Among
the weight functions that decrease to 0, normally the tricube
function is chosen since it provides an adequate smoothing
in almost all cases. Here, as in Montiel et al. (2014), this
weight function is used.
iii. Degree of Local Polynomials
The idea behind LOESS is to fit each subset of data us-
ing polynomials of a low degree after the weight function
is applied. Most of the polynomials are of first or second
degree and although higher-degree polynomials would work,
it could cause overfit of the data in each subset, besides of
higher computational cost without any significant improve-
ment in the result.
iv. Confidence regions
In order to construct the confidence regions of the nonpara-
metric regression we perform an analogy with the standard
least squares regression by using the local polynomial esti-
mate, yˆi , that results from the locally weighted least-squares
regression of y on the x values in each chosen window i. Thus,
by assuming normally distributed errors, the 68%-percent
confidence interval and the 95%-percent confidence interval
of the regression function can be constructed.
It is worth mentioning that this procedure for construct-
ing a confidence region is not completely accurate, due to
the bias in yˆi as an estimate of the regression function Fox
(2000). The value of the smoothing parameter changes sig-
nificantly the function estimate, and consequently the con-
fidence bands. In this sense, such a bias can produce an
overestimation of the error variance, thus making the con-
fidence interval too wide. On the contrary, an inadequate
small span (i.e. with insufficient data within the window fit)
yields large variance. As we have pointed out, this can be
alleviated by using the cross-validation procedure in order
to choose the optimal value of s as is suggested in Montiel
et al. (2014).
3.2 Basis of SIMEX
SIMEX method is based on two resampling approaches. At
the first stage, the simulation, additional errors are intro-
duced in the data by using a controlling parameter λ. Next,
a regression analysis is used on this new dataset to trace the
effect of the measured error in the original dataset Cook &
Stefanski (1994); Stefanski & Cook (1995). More specifically,
SIMEX work as follows:
1.- The simulation step. The method starts by introducing
MNRAS 000, 1–19 (2018)
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additional errors on each observation yi in the data set, with
i = 1, ...n and n the number of data points, following the rule
ηi(λ) = yi +
√
λσi, λ > 0 (5)
where σi is the measurement error variance associated
to the observed data yi and the parameter λ acts as the
controlling parameter for the amount added of σi . We
take, as in Montiel et al. (2014), λ = {0.5, 0.6, 0.7, ..., 2.0} to
simulate the new datasets.
2.- The extrapolation step. After introducing the variable
λ, the final measurement error variance associated with the
simulated data points, ηi(λ), is (1 + λ)σ2i . So, it is necessary
to take λ→ −1, in order to return back to the original data
without uncertainties and to trace the effect of the measured
error in the original data. This is done via a regression anal-
ysis, using a quadratic polynomial, on the new datasets.
Up to this point, we have addressed briefly the features
and free parameters of the LOESS+SIMEX method, how-
ever many more details can be found in Fox (2000); Ander-
sen (2009); Han (2012); Shalizi (2012); Wasserman (2006);
Carroll et al. (1995); Cook & Stefanski (1994); Stefanski &
Cook (1995); Carroll et al. (1999); Montiel et al. (2014) and
references therein.
4 PARAMETRIC AND NON-PARAMETRIC
STATISTICAL METHODOLOGY
We have selected 88 galaxies from SPARC with an important
contribution of DM to the rotation curve in order to study,
from the non-parametric and parametric point of views, the
seven theoretical models that we have pointed out before.
This section reviews how we perform the estimation of the
best fit parameters as well as the statistical tools used to
perform the model selection.
Regarding the parametric approach, which focuses on
estimating the model parameters, we use a fitting code to
minimize the reduced χ2
red
function,
χ2red =
1
Nd − Np
N∑
i=1
(
Vobs(ri) − Vmodel(ri, θˆ)
)2
δV2obs(ri)
, (6)
where Vobs and δVobs are the observed galaxy velocity rota-
tion curve and its uncertainty at the observed radial distance
ri , θˆ are the Np fitting parameters of every model studied
and Nd is the total number of data. Remember that χ2red ∼ 1
is desirable for a good fit (Press et al. 2007).
We also compute the P-value (χ2 test) which is an in-
dicator between the compatibility of the distribution data
and the fitting model. P > 0.95 indicates that we have a
(> 95%) chance of finding a result less close to the central
data; while if P < 0.05, the data and the fitting model are
incompatible and then we can reject the fitting model; in
case that P > 0.05 we can not reject the model (Press et al.
2007).
Since we are comparing models with a different num-
ber of parameters, we compute the AIC (Akaike informa-
tion criterion) and the BIC (Bayesian information criterion)
in order to perform the model selection. In these statistical
methods there is a penalty, which is applied to compensate
for the obligatory difference in likelihoods due to the differ-
ent number of parameters (Feigelson & Babu 2012). That
is, if we have a model Mj with a pj parameters θˆ j , then
AIC = −2l(θˆ j ) + 2pj , (7)
where 2l(θˆ j ) is the goodness-of-fit term and 2pj is the penalty
of number of parameters. On the other hand, the Bayesian
information criterion is defined as
BIC = −2l(θˆ j ) + 2pj ln Nd , (8)
where, as before, Nd is the number of data points.
The goodness-of-fit definition used in both cases is
l(θˆ j ) =
∏
i
1√
2piδV2obs(ri)
exp
(
−χ2j
)
, (9)
where χ2j and δV
2
obs(ri) describe the galaxy studied, Eq. (6),
and are associated to the j-model (Cousineau & Allan 2015).
AIC penalizes free parameters less strongly than does
the BIC. BIC imposes a greater penalty for larger datasets
while the AIC is independent of the sample size.
The galaxies we have analyzed are the ones that fulfill
the quality condition (see McGaugh et al. (2016)). We used a
Markov Chain-Monte Carlo (MCMC) method (Gamerman
1997) implemented in Mathematica by one of the authors
(MARM),1 in order to constrain the free parameters of the
DM models through a maximization of the likelihood func-
tion L(p) given by
L(θˆ j ) = 1(2pi)Nd/2 |C|1/2 exp
(
−∆
TC−1∆
2
)
, (10)
where θˆ j is the vector of parameters, ∆ = Vobs(ri) −
Vmodel(ri, θˆ j ) and Vmodel the derived total velocity for one of
the seven models computed in the same position where Vobs
was measured, and C is a diagonal matrix.
We sample, using the Metropolis Hastings algorithm,
the parameter space from uniform prior ranges with two
Markov chains and tested the convergence of the fit with
the Gelman-Rubin convergence criterion (R−1 < 0.01) (Gel-
man & Rubin 1992). The fitting parameters and the 1 σ and
2 σ confidence levels (CL) are computed from the Markov
chains with 30% of burn-in. We have tested the MCMC code
against the results obtained with the minimization method
described above. The Markov chain was analyzed using Get-
Dist code that is included in the CosmoMC code (Lewis &
Bridle 2002).
On the other side, regarding the nonparametric ap-
proach, we would like to recall we are using a technique
which focuses on the fitted curve such that the fitted points
and their errors are estimated with respect to the whole
curve rather than a particular estimate and then, the over-
all uncertainty is measured on the basis of how well the
estimated curve fits the data.
Since LOESS+SIMEX reconstruction has been used in
an informal graphical way to assess the relationship be-
tween variables in Montiel et al. (2014); Rani et al. (2015);
1 Public at https://github.com/rodriguezmeza/MathematicaMCMC-
1.0.0
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Escamilla-Rivera & Fabris (2016); Rana et al. (2016), in or-
der to check the validity of a specific theoretical model by
comparing with the nonparametric regression curve, we com-
pute the distance between the best χ2 fitted velocity curve
and the velocity curve obtained by reconstruction and also
the distance between the 1σ band from the best χ2 fitted
curve and the 1σ band from LOESS+SIMEX one.
We define the distance (area) between curves as:
D =
∫ rmax
rmin
VLOESS(r) − Vmodel(r, θˆ)dr
ADATA
, (11)
where VLOESS(r) is the reconstruction velocity rotation curve
from the data distribution, Vmodel(r, θˆ) is the velocity func-
tion of each model characterized with their parameters θˆ.
Notice we are normalizing the area between curves with
ADATA, which is the area enclosing the velocity rotation data,
including the error bars.
For the distance (area) between 1σ bands (model and
LOESS+SIMEX) we take into account the following cases:
• If there is not overlap between bands at a given R and
the LOESS 1σ band is above the model 1σ band, there we
compute its contribution to the distance as
δD =
1
ADATA
R+δR∫
R
VLLOESS(r) − VUmodel(r, θˆ)dr , (12)
where VLLOESS(r) is the lower curve of the LOESS 1σ band
and VUmodel(r, θˆ) is the upper curve of the model 1σ band.
When the model 1σ band is above the LOESS 1σ band, we
use a similar expression.
• If there is an overlap between the 1σ bands but one
band is inside the other there δD = 0. On the opposite case,
if VULOESS(r) > VUmodel(r, θˆ) the contribution to the distance is
given by
δD =
1
ADATA
R+δR∫
R
VUmodel(r, θˆ) − VLLOESS(r)dr . (13)
If VUmodel(r, θˆ) > VULOESS(r) the contribution to the distance is
given by a similar expression.
5 RESULTS
In Table B1 we show the statistical results for PISO (1),
NFW (2), Spano (3) and Burkert (4) models and for the
galaxy selection of the SPARC catalog where DM is domi-
nant.
For each model we report the χ2
red
, P-value, AIC, BIC,
distance between the best fit velocity curve and the recon-
struction with LOESS+SIMEX (DIST), the distance be-
tween the 1σ band from the best fit and the 1σ band from
LOESS+SIMEX (D1σ). Also in columns 26–29, the Best
Model columns are shown according to the BIC value (BBIC),
the distance between the LOESS+SIMEX reconstruction
and the best fit curves (BDIST), the distance between 1σ
bands BD1σ and χ2red value. Columns 26–28 with models
ordered according to the best values allow us to establish
the three conditions as a criterion to accept or reject mod-
els. The ordering is as follows.
In the table we associate a number (1–4) to each model,
and for column 26 and according to the best BIC (the model
with the minimum value in the BIC), we write in the first
place the number of the model to point out the best one.
Followed by the second one that has the best BIC among
the rest, and so on. We found from the comparison of the
best BIC’s that the success for PISO is ∼ 15.9%, for NFW
∼ 18.1%, Spano ∼ 46.6% and for Burkert ∼ 18.2%.
In columns 27 and 28 of Table B1 we show, in as-
cending order, the models (1–4) according to the dis-
tance between LOESS+SIMEX and best fit velocity curve
(BDIST) and the distance between the 1σ confidence bands
for LOESS+SIMEX and best fit velocity rotation curve,
(BD1σ), respectively.
From this table and according to the lower BIC, the
lower distance BDIST and lower distance BD1σ , the percent-
age of galaxies satisfying the three conditions, i. e., galaxies
that have the best values in all the cases, is the 44.32%.
From this 44.32% of the analyzed galaxies, approximately
the 53.85% points out to Spano as the most favored model
and for NFW ∼ 20.51%, for Piso we found a percentage value
of ∼ 10.25% and Burkert ∼ 12.82%.
It is important to mention that BIC and AIC have the
same penalty term, therefore the best AIC is compatible
100% with the best BIC value.
Finally, as an additional information, we show in column
29 the best χ2
red
, in this case the first number indicates the
model with the lower χ2
red
. It is important to mention that,
in this group, the number of parameters of each model is the
same, therefore there is a consistency between AIC and BIC
definitions where the selection of the most favorable model
according to the AIC has a coincidence of 100% with the
selection of the best BIC (in this case the model order for
each galaxy according to AIC is the same according to BIC).
As a way to illustrate the considerable differences be-
tween the models studied in this work, by taking a look to
the Best Model columns of Table B1 (columns 26–28), we
choose four galaxies where the distance between the fitting
velocity curve and the nonparametric reconstructed curve
(central lines and 1σ bands) is the biggest for the NFW
model. Also in agreement with the respective BIC results
and χ2red, the four columns of the Best Model select NFW in
the last place.
In Figs. 2 and 3 we show the observed rotation curves
for four galaxies and the rotation curves that result from the
fitting procedure with four models, Piso, NFW, Spano and
Burkert. In these figures are shown the curves resulting from
the nonparametric LOESS-SIMEX procedure (in cyan). The
red colors are for the best fit curves, 1σ and 2σ error bands,
respectively. For the galaxies DDO 154, IC 2574, NGC 3109
and UGC00891 (Fig. 2), and for NFW model the distance
between the best fit and 1σ bands has a noticeable separa-
tion from the LOESS-SIMEX band and in agreement with
results shown in Table B1. And in Fig. 3 we show that for the
rotation curves NGC 0024, NGC 0247, NGC 3741 and UGC
05716, Spano and Burkert models are having the biggest
distance between the 1σ confidence and the reconstruction
LOESS+SIMEX confidence bands, even the columns of the
Best Model place Spano in the last place of the selection.
On the other hand, keep in mind that LOESS+SIMEX
can provide great assistance in model selection, particularly
when the data are very noisy or have other features that
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Figure 2. Galaxies where the distance between the best fit and 1σ bands for NFW has a notable separation with the LOESS+SIMEX
band, according with the results from Table B1. In the figure we show the reconstruction LOESS+SIMEX 1 and 2σ bands in cyan color,
the best fit for the four studied models in the second group including 1 and 2σ bands in red.
make patterns difficult to see. Indeed, following Azzalini
et al. (1989), a very simple way to assess the goodness of
fit of a parametric model is by determining if the nonpara-
metric fit falls within the parametric error bars. So, if we
take a look at Fig. 2 and the respective plots for the NFW
model, for all the galaxies showed there, it is noticeable that
the reconstructed curve lies outside the error bands of NFW
model which indicates that this model does not appear to be
a good fit to these data which gives support to our results
that point out NFW is not the most favored model. The
same argument can apply to other figures.
Taking as reference the NFW model, we studied the
Schive and the Fuzzy models (SNFWDC and SNFWC) to
compare the quantitative distances between the best fitting
and the LOESS+SIMEX method. From this group of models
we compare core, cusp and fuzzy models, where in addition,
these fuzzy models have the freedom to adapt themselves
to the structure of each galaxy and reproduce either core
or cusp models. The value of r , Eq. (A14), can provide us
the three different structures of a galaxy: Core (r > rmax,
being rmax the last observed radius of the galaxy), Cusp (r ∼
rmin with rmin is the first observed radius of the galaxy) and
Core+Cusp (rmin < r < rmax).
The results of the analysis of this group of models are
shown in Table B2. Its description is similar to Table B1.
Columns 27–30 show the Best Model values, from 27–29
we apply our selection criteria. In order to obtain an alter-
native classification value for the baryonic contribution in
each galaxy, we compute δAV = 100 AVBarAVObs , where AVBar is
the total area enclosed by the baryonic velocity contribu-
tion,
√
ΥDiskV2Disk + V
2
Gas and AVObs, is the area under the
velocity rotation curve of the observed data (in the radius
range observed), see column 2 of Table B2.
Here, it is important to mention that we have three
galaxies where the number of observed data is the same as
the number of free parameters for the SNFWC model (we
use the * symbol, next to the galaxy name to identify these
galaxies, see Table B2); in these cases we are not report-
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Figure 3. Galaxies where the distance between the best fit and 1σ bands for Spano and Burkert have a notable separation with the
LOESS+SIMEX band, according with the results from Table B1. In the figure we show the reconstruction LOESS+SIMEX 1 and 2σ
bands in cyan color, the best fit for the four models studied in the second group including 1 and 2σ bands in red.
ing the χ2
red
and the P-value, nevertheless it is possible to
calculate the other statistic quantities.
In Figs. 4 and 5 we show the observed rotation curves
for four galaxies and the rotation curves that result from
the fitting procedure with the four models, NFW, Schive
and the Fuzzy models. The resulting curves from the
nonparametric LOESS-SIMEX procedure are displayed as
well. The cyan bands are the nonparametric reconstruc-
tion LOESS+SIMEX and the red colors are for the best
fit curves, 1σ and 2σ error bands, respectively.
From Table B2 we studied the relationship between the
lower BIC and the lower value from BDIST and BD1σ , and we
found that ∼ 28.41% of galaxies satisfy the three conditions.
In this case Schive has been selected with the 44% to be the
most favored model, NFW with 36%, SNFWDC 12% and
SNFWC obtained 8% of model selection coincidence.
It is important to mention that even when BIC and AIC
have different penalty terms, the best AIC is compatible
∼ 76.1% with the best BIC value, which gives us a strong
support for the Best Selection Model techniques used in this
work.
According to the Best Model columns from Table B2,
we notice that the BDIST selection model is the same for
the Fuzzy models (3 and 4) in 24 galaxies, and 11 galaxies
where fuzzy models have the same BD1σ . If we considered
the cases where BDIST and BD1σ have the same value for the
Fuzzy models (3 and 4) we found that only 8 galaxies fulfill
this condition. For example, let us consider the galaxy NGC
0247 and compare the two columns BDIST and BD1σ (from
the Best Model column) and we found the combination (34)
in first and second place of the numerical combination of
models, respectively. This is because r(3) ∼ rmin and r(4) <
rmin, which tell us that NFW model fits better the structure
for the rotation curve. For the other cases, galaxies DDO
064, DDO 168, KK 98-251 we obtain r(3) > rmax and r
(4)
 >
rmax , where Schive is the dominant model for the rotation
curves; for UGC 05716, UGC 07399 and UGC 08490 r(3) <
MNRAS 000, 1–19 (2018)
Galaxy rotation curves using a non-parametric regression method 9
Schive
Loess+Simex
0 1 2 3 4 5 6 7
0
10
20
30
40
50
60
r[kpc]
V
[k
m
/s
]
NFW
Loess+Simex
0 1 2 3 4 5 6 7
0
10
20
30
40
50
60
r[kpc]
V
[k
m
/s
]
SNFWDC
Loess+Simex
0 1 2 3 4 5 6 7
0
10
20
30
40
50
60
r[kpc]
V
[k
m
/s
]
SNFWC
Loess+Simex
0 1 2 3 4 5 6 7
0
10
20
30
40
50
60
r[kpc]
V
[k
m
/s
]
D 631-7
Schive
Loess+Simex
0 1 2 3 4
0
10
20
30
40
50
60
r[kpc]
V
[k
m
/s
]
NFW
Loess+Simex
0 1 2 3 4
0
10
20
30
40
50
60
r[kpc]
V
[k
m
/s
]
SNFWDC
Loess+Simex
0 1 2 3 4
0
10
20
30
40
50
60
r[kpc]
V
[k
m
/s
]
SNFWC
Loess+Simex
0 1 2 3 4
0
10
20
30
40
50
60
r[kpc]
V
[k
m
/s
]
DDO 168
Schive
Loess+Simex
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0
10
20
30
40
50
60
r[kpc]
V
[k
m
/s
]
NFW
Loess+Simex
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0
10
20
30
40
50
60
r[kpc]
V
[k
m
/s
]
SNFWDC
Loess+Simex
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0
10
20
30
40
50
60
r[kpc]
V
[k
m
/s
]
SNFWC
Loess+Simex
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0
10
20
30
40
50
60
r[kpc]
V
[k
m
/s
]
UGC 05764
Schive
Loess+Simex
0 2 4 6 8
0
20
40
60
80
100
120
r[kpc]
V
[k
m
/s
]
NFW
Loess+Simex
0 2 4 6 8
0
20
40
60
80
100
120
r[kpc]
V
[k
m
/s
]
SNFWDC
Loess+Simex
0 2 4 6 8
0
20
40
60
80
100
120
r[kpc]
V
[k
m
/s
]
SNFWC
Loess+Simex
0 2 4 6 8
0
20
40
60
80
100
120
r[kpc]
V
[k
m
/s
]
UGC 05986
Figure 4. Galaxies where the distance between the best fit and 1σ bands for NFW has a notable separation with the LOESS+SIMEX
band, according with the results from Table B2. In the figure we show the reconstruction LOESS+SIMEX 1 and 2σ bands in cyan color,
the best fit for the four models studied in the second group including 1 and 2σ bands in red and the vertical lines correspond to r
(transition radius for the fuzzy models, Eq. (A14)).
rmin and r
(4)
 < rmin; and for UGC 07524 r
(3)
 = r
(4)
 = 3.378
kpc.
Additionally, we notice that Schive model has problems
in fitting the final data points while NFW in the initial data.
On the other hand, Fuzzy models solve the two problems,
the transition radius r for each SNFW model is the same
for 13 galaxies, while, for the other 35 galaxies we have
for SNFWDC (3), 0.11 < r(3) < 9.4 and for SNFWC (4),
0.15 < r(4) < 19.7. In the cases where SNFW models are the
same, we use the BBIC in order to perform the model selec-
tion because it considers the penalty term for the number
of parameters instead of taking the BD1σ which can lead
to misleading results due to the error propagation in the
LOESS+SIMEX technique.
So far we have compared the results obtained from para-
metric versus non-parametric analysis. The SPARC subsam-
ple consists of 88 rotation curves of galaxies with quality
factor Q = 1 or 2. To find any indication of spatial resolu-
tion effect on the results we have divided the subsample into
two: the first one with only galaxies with a Q value of 1 (50
galaxies) and the second one with Q = 2 (38 galaxies). The
analysis results are as follows:
Q= 1 When the RC is extracted from the first group
Table B1: we found that 36% satisfied the three conditions
and of which 55.56% prefer Spano model while 16.67%
avored NFW. And for the RC extracted from the second
group Table B2: 24% satisfied the three conditions and
33.33% support Schive as the best model according to the
criteria and 25% favored NFW and 25% were also in favor
of SNFWDC.
Q= 2 If the RC is extracted from the second group Table
B1: we found that 55.26% satisfied the three conditions and
from them 52.38% favored Spano model and 23.81% favored
NFW. Table B2: for Q = 2, 34.21% satisfied the three condi-
tions and 53.85% of these favored Schive as the best model
according to the criteria and 46.15% set to the NFW model
in second place.
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Figure 5. Galaxies where the distance between the best fit and 1σ bands for Schive has a notable separation with the LOESS+SIMEX
band, according with the results from Table B2. In the figure we show the reconstruction LOESS+SIMEX 1 and 2σ bands in cyan color,
the best fit for the four models studied in the second group including 1 and 2σ bands in red and the vertical lines correspond to r
(transition radius for the fuzzy models, Eq. (A14)).
6 DISCUSSION
From Table B2 and according to the three columns of the
Best Model it is possible to classify the galaxies DDO 064,
DDO 168, F 571-v1, KK 98-251, NGC 6789, UGC 05986 and
UGC 06399 as core type, where this criterion points out to
Schive as the best model.
In the same way we select the cuspy models based on
Tables B1 and B2, observing that the Galaxies UGC 05716
and UGC 08490 point out to NFW (with the three condi-
tions fulfilled in both cases) as the most favored model. On
the other hand, UGC 02259, UGC 05918 and UGC 12732
are selected to be cuspy from Table B2, NGC 0247 and NGC
3741 from Table B1, satisfying again the three Best Model
columns.
Comparing the two tables (seven models) for NGC 0247,
NGC 3741, UGC 02259, UGC 05918 and UGC 12732 we
found:
• For NGC 0247 comparing the seven models it is found
that BBIC and BDIST point out to SNFWDC (3) and BD1σ
selects the NFW model. Analyzing the fuzzy models it is
found that r(3) = 1.31 kpc and the minimum radius observed
for this galaxy is rmin = 1.08 kpc. In this case the major
contribution in fitting the velocity of the galaxy comes from
NFW (r(3) ∼ rmin, Fig. 5), therefore the fuzzy model is in
agreement with LOESS+SIMEX and the other conditions
to classify it as a cuspy galaxy.
• For NGC 3741, the NFW model satisfies BBIC and BD1σ
and while the BDIST points out to SNFWDC, but r
(3)
 = 0.268
kpc and rmin = 0.23 kpc which NFW gives the biggest con-
tribution to the galaxy structure, as an additional condition,
we compare the Bχ2
red
for the seven models and found that
this points out to NFW, therefore, we can classify NGC 3741
as a cuspy galaxy.
• For UGC 12732 we found that the NFW profile satisfies
BBIC and BDIST, while PISO satisfies BD1σ and the Bχ2
red
points out to SNFWDC, where r(3) = 0.8 kpc and rmin = 0.96
kpc. We can conclude that this galaxy is classified as a cuspy
one.
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The remaining galaxies (UGC 02259, UGC 05918) can
be excluded of being cuspy because of NFW satisfies only
BDIST for both of them while PISO satisfies the rest of the
conditions from Best Model column.
Aditionally, in Fig. 4, we show four galaxies (D 631-7,
DDO168, UGC 05764 and UGC 05986) with the four models
(Schive, NFW, SNFWDC and SNFWC) from there, one can
see that NFW is at a far distance from the confidence bands.
From Table B2 we notice that these galaxies have in common
that the NFW is in the last place from the selection number
code of models. In contrast we observe in Fig. 5 (for galaxies,
NGC 0024, NGC 0247, UGC 05716 and UGC 08490) that
the Schive model best fit is far from the reconstruction. In
these cases, Schive comes in the last place for the selection
of the best model in Table B2.
To complement the comparison between non-
parametric versus parametric methods of data analysis and
in order to set some basic concepts to make an interpre-
tation of our results, we have analyzed with the MCMC
method the 152 galaxies that satisfy the quality condition
of McGaugh et al. (2016) in the SPARC catalog of rotation
curves.
For each halo DM model in the core-cusp group (see
below) we have computed four important quantities that
should give us information about galaxy formation and evo-
lution: the central characteristic volume density ρs, the scale
length rs, the characteristic surface density µDM ≡ ρsrs and
the DM mass within 300 pc, M300 ≡ MDM (300 pc).
Fig. 6 illustrates the analysis of the Markov chains of
the galaxy IC 2574 by using GetDist code that is included in
CosmoMC bayesian analysis code (Lewis & Bridle 2002). It
is shown the posterior distributions of fitting (ρs, rs) and de-
rived parameters (µDM , M300) for the PISO, NFW, Spano,
Burkert and Schive models. We will refer to these group of
models as core-cusp group. Also, in Fig. 6, it is displayed the
confidence region at 1σ and 2σ. We can notice the correla-
tion between µDM and rs and the strong correlation between
M300 and ρs. The pair M300 and ρs is anti correlated with
the pair µDM and rs. We notice good Gaussian posteriors
for the fitting parameters for all the models except for the
NFW profile. As shown in Fig. 2 NFW is the worst fitting
case for galaxy IC 2574.
In Figs. 7–9 are shown these four astrophysical observ-
ables (ρs, rs, µDM and M300) as a function of galaxy lumi-
nosity, L[3.6]. From other studies it was expected that µDM
and M300 were nearly constant, independent of the abso-
lute magnitud of the galaxies (Uren˜a-Lo´pez et al. 2017; Ko-
rmendy & Freeman 2004; Strigari et al. 2008). The general
tendency we found for the above four quantities is that ρs
and M300 are roughly constant independently of the galaxy
luminosity in the SPARC catalog except for the NFW model.
We have found that a constant characteristic volume density
of DM haloes is in agreement with Li et al. (2019). In agree-
ment with (Strigari et al. 2008), we obtained that for dSph
galaxies, the value of the mass is the same for spiral galaxies
within 300 pc and with the same order of magnitud, ∼ 107
M. This would give a central density for DM haloes of ∼ 0.1
Mpc−3 regardless the model, result not shared with NFW.
Moreover, this result is consistent with both, non-parametric
and parametric analysis, that are in favor of core models.
Theoretical and observational studies have given the re-
sult that the central surface density µDM is constant inde-
pendently of the absolute magnitude of the galaxies (Uren˜a-
Lo´pez et al. 2017; Kormendy & Freeman 2004). We have
obtained that this is not the case, and that µDM grows lin-
early in the Log-Log scale as a function of L[3.6], fact that
is in tension with previous results. Therefore, there is not a
strong correlation between the density ρs and the scale rs
parameters for the density profiles we studied here, on the
contrary, ρs is constant.
In Table 1 we show the compilation of the a and b
parameters in the linear fit, a + bL, of the Log-Log scale
of each one of the plots ρs, rs, µDM and M300 as a func-
tion of the luminosity L[3.6]. For instance, we found that
M300 ∼ L0.03±0.04 for PISO model, that is the functional re-
lationship found in Strigari et al. (2008). Similar behaviour
is obtained for Spano, Burkert and Schive models. For the
characteristic volume density we found a similar relation,
ρs ∼ L0.04±0.04 for PISO model and almost the same rela-
tions are found for Spano, Burkert and Schive. However, the
relations for the scale length and the central surface density
are rs ∼ L0.17±0.02 and µDM ∼ L0.18±0.02 for PISO and the
same for the other models, except NFW which is the worst
case as can be appreciated in Fig. 10 where we are illustrat-
ing the collection of all models in each plot. The 1σ bands
of the linear fit are also shown for comparison.
In Fig. 11 are displayed the expressions for the dimen-
sionless mass and velocity functions of the core-cusp group
(included in the Appendix A) and for a fixed scaling length
rs = 1 and using the same value for r3s ρs which is in units of
mass. Figs. 10 and 11 show clearly the difference between
core and cusp models. Additionally, from Fig. 11 it was
shown that Spano and Schive models almost agree with each
other even when Figs. 10(a) and (b) show clear differences
between them for high luminosities. Up to 2σ in the linear
fit we may find an agreement between all core models never-
theless, there are clear differences at 1σ. A detailed analysis
following the cosmological method in Li et al. (2019) should
clarify on this matter.
7 CONCLUSIONS
In this work we have performed a non parametric reconstruc-
tion of galactic rotation curves by using the LOESS+SIMEX
technique as a method to discern between seven different
DM models. Our main objective is to explain the DM con-
tribution within the rotation curves of galaxies. In order to
show the efficiency of LOESS+SIMEX and to report a quan-
titative result we have obtained the normalized area between
the reconstructed curve and the fitted rotation curve, includ-
ing also the area between 1σ bands. Since we are comparing
different models with different number of parameters, we use
the AIC and BIC information criteria methods in order to
assess the model fitness while penalizing the number of esti-
mated parameters and, at the same time, giving support to
LOESS+SIMEX results. Thus, to perform the model selec-
tion we use three conditions as a criterion to accept or reject
models:
• BBIC: the best BIC value,
• BDIST: the area between the reconstructed curve and the
rotation curve obtained with the best fit parameters, and
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Figure 6. Posterior distributions for parameters ρs , rs , µDM and M300. The contour lines are 1σ and 2σ confidence regions. From the
top to right and to the bottom shown are PISO (blue), NFW (green), Spano (yellow), Burkert (red) and Schive (violet) models.
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Figure 7. Shown are the characteristic volume density, the scale length, the characteristic central surface density and the mass within
300 pc as function of luminosity at 3.6 µm. Left panel PISO, right panel NFW. Galaxies are colored by Hubble type with numbers from
0 to 11 corresponding to S0, Sa, Sab, Sb, Sbc, Sc, Scd, Sd, Sdm, Sm, Im, BCD, respectively. In all panels, solid lines show linear fits.
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Figure 8. Shown are the characteristic volume density, the scale length, the characteristic central surface density and the mass within
300 pc as function of luminosity at 3.6 µm. Left panel Spano, right panel Burkert. Galaxies are colored by Hubble type. In all panels,
solid lines show linear fits. See caption of Fig 7.
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Results compilation for the linear fit (a + b log(L[3.6])) to SPARC galaxies observables
PISO NFW Spano Burkert Schive
ρs a 1.50966 ± 0.07482 0.77526 ± 0.09496 1.39718 ± 0.06294 1.55027 ± 0.06738 1.275 ± 0.05622
b 0.03908 ± 0.04412 0.11217 ± 0.05117 0.05472 ± 0.03611 0.04798 ± 0.0386 −0.0315 ± 0.03317
rs a 0.22215 ± 0.04073 0.94325 ± 0.04649 0.51082 ± 0.03099 0.5889 ± 0.21369 0.55206 ± 0.02854
b 0.16663 ± 0.02328 0.13417 ± 0.02419 0.17885 ± 0.01701 0.31454 ± 0.11695 0.235 ± 0.0161
µ a 1.83778 ± 0.03038 1.44945 ± 0.04341 1.96427 ± 0.03031 2.10946 ± 0.03356 1.86379 ± 0.02744
b 0.18341 ± 0.01857 0.28382 ± 0.02636 0.20559 ± 0.01802 0.20571 ± 0.02016 0.18314 ± 0.01668
MDM (300 pc) a −0.40992 ± 0.07378 0.21738 ± 0.04243 −0.54155 ± 0.06218 −0.40713 ± 0.06306 −0.66961 ± 0.05572
b 0.03284 ± 0.04383 0.27863 ± 0.02588 0.05115 ± 0.03576 0.05376 ± 0.03647 −0.03203 ± 0.03291
Table 1. Compilation of the results of the linear fit (log-log scale) parameters of ρs , rs , µDM and MDM (300 pc).
• BD1σ : the area between the 1σ reconstruction band and
the 1σ model fitting band.
We asign to each model a numerical code (1–4), which
was ordered from the lowest value up to the highest one,
according to any of the above requirements, indicating in
the first place as the most preferred model by the data.
Furthermore, the DM models were separated in two
groups (core + cusp and core + cusp + fuzzy models). In
the first group we found that ∼ 44.32% of the galaxies sat-
isfy the three conditions, where Spano is the most favored
model with ∼ 53.85% while the NFW model is the least fa-
vored one, because is appearing in the last place according
to the three conditions with the ∼ 59%. From the second
group we found that Schive satisfies the three conditions in
a 44%, while NFW turns out to be the rejected model with
the 21.6% of the cases.
By performing a comparison between these three con-
ditions, we are able to do a Core and Cusp classification
for some of the galaxies which we have worked with. The
DDO 064, DDO 168, F 571-v1, KK 98-251, NGC 6789, UGC
05986 and UGC 06399 are core type galaxies. On the other
hand, NGC 0247, NGC 3741, UGC 05716, UGC 08490 and
UGC 12732 can be classified as cusp galaxies. In some cases,
when the FUZZY models were selected by one or more of
the criteria used here, the corresponding transition radius
turned out an important factor for the classification. The
cases when r ∼ rmin pointing out to NFW as the best model
to explain the structure of the galaxy; this showed that the
LOESS+SIMEX method can be useful as technique of mod-
els selection.
To complement our analysis, by using a MCMC method,
we have computed the haloes characteristic surface density,
ρsrs for each one of the DM models and also the DM mass
within 300 pc. We obtained that there is a common mass for
spiral galaxies of the order of 107 M, result that is in agree-
ment with ones of dSph Milky Way satellites. This would
give a central density for the halo of ∼ 0.1 M pc−2 regard-
less the dark matter model. One extra result consistent with
our findings is that there is a constant characteristic volume
density of DM haloes: ρs is constant for the core models we
analyzed. Moreover, we have found that characteristic cen-
tral surface density is not constant for the SPARC galaxies,
which is in tension with previous results, but in favor of
core models which is in agreement with the non-parametric-
parametric analysis.
Finally, we conclude that, in the study of galactic rota-
tion curves, the non parametric LOESS+SIMEX method in
combination with standard fitting methods turns out to be
a reliable tool to perform DM models selection.
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Figure 10. Same as Figs. 7–9 however we are illustrating all the models together and also displaying the fit and 1σ bands of the linear
(in Log-Log scale) fit.
APPENDIX A: CORE, CUSP AND SFDM
MODELS
Here we give a brief summary of the most common models
in the literature reported in Begeman et al. (1991); Navarro
et al. (1996); Burket (1995); Spano et al. (2008); Chen et al.
(2017); Bernal et al. (2018). In general a rotation curve can
be described by a general expression, see Garcia-Aspeitia
et al. (2017) for more details
V2model(r) = 4piGrmodelµmodelVˆ2model(rˆ), (A1)
where Vˆ(rˆ) is a dimensionless function given by
Vˆ(rˆ) =
√
M(rˆ)
rˆ
; (A2)
rˆ = r/rmodel with rmodel being a length scale parameter for
every model and µmodel = ρmodelrmodel , which is almost a
constant when we fit observations but take a different value
for each model (Garcia-Aspeitia et al. 2017). The dimension-
less mass at a given radius rˆ is given by
M(rˆ) = 4pi
∫ rˆ
0
dr ′r ′2ρDM (r ′). (A3)
(a) Pseudo isothermal profile. The DM density profile
is written as:
ρPISO(r) =
ρp
1 + (r/rp)2
. (A4)
See Begeman et al. (1991) for more details. On the other
hand, we can write the Eq. (A1), for Piso model as
Vˆ2p (rˆp) =
rˆp − arctan(rˆp)
rˆp
, (A5)
where rˆp = r/rp.
(b) Navarro-Frenk-White profile. Another interesting
case (motivated by cosmological N-body simulations) is
the cuspy NFW density profile which is given by Navarro
et al. (1996):
ρNFW(r) = ρn(r/rn)(1 + r/rn)2
, (A6)
where the dimensionless velocity for this model is
Vˆ2NFW(rˆn) =
1
rˆn
ln(1 + rˆn) − 11 + rˆn , (A7)
and rˆn = r/rn is defined using the scale radius rn.
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Figure 11. In (a) mass model for PISO, NFW, Spano, Burkert
and Schive DM models. Mˆ and rˆ are dimensionless quantities
defined in Appendix A. In (b) velocity model for the same DM
models as in (a). Vˆ is also a dimensionless velocity defined in
Appendix A.
(c) Burkert profile. Another core density profile pro-
posed by Burket (1995) is:
ρBurk =
ρb
(1 + r/rb)(1 + (r/rb)2)
, (A8)
with the above density profile we have
Vˆ2Burk(rˆb) =
1
4rˆb
(−2 arctan(rˆb)
+ ln
[
(1 + rˆ2b)(1 + rˆb)2
] )
. (A9)
(d) Spano profile. The density profile proposed by Spano
et al. (2008) is
ρSpano =
ρsp(
1 +
(
r/rsp
)2)3/2 , (A10)
we obtain a dimensionless quantity given by
Vˆ2sp(rˆsp) = −
1√
1 + rˆ2sp
+
1
rˆsp
arcsinh(rˆsp) . (A11)
(e) Schive profile. Here we consider that DM density pro-
file is given by WaveDM density profile, see Schive et al.
(2014); Bernal et al. (2018):
ρWDM(r) = ρw(1 + aw(r/rw)2)8
, (A12)
where aw = 0.091. Then, if we define rˆw = r/rw , it is
obtained
Vˆ2w(rˆw) =
1
215040a3/2w

a1/2w(
1 + aw rˆ2w
)7 (−3465
+ 48580aw rˆ2w + 92323a2w rˆ4w + 101376a3w rˆ6w
+ 65373a4w rˆ8w + 231000a5w rˆ10w + 3465a6w rˆ12w
)
− 3465arctan(
√
aw rˆw)
rˆw
]
. (A13)
(f) Wave+NFW (SNFW) with continuity condi-
tion in the density profile. In this subsection we con-
sider the DM profile motivated by simulations where the
DM can be modeled with a Scalar Field (Schive et al.
2014), using the expression for density profile for the
core Eq. (A12) and the Eq. (A6) for the cuspy we ob-
tain
ρSNFWC(r) = Θ(r − r)ρWDM(r)
+ Θ(r − r )ρNFW(r), (A14)
with the continuity condition on the density profiles at
the matching radius r , ρWDM(r ) = ρNFW(r ). With this
condition we have four free parameters rw , r , rn and ρw ,
Eqs. (A7, A13). Then we can write the velocity rotation
curve as Bernal et al. (2018)
Vˆ2SNFWC(rˆw, rˆ , rˆn) =
=
{
VˆWDM (rˆw) if rˆw ≤ rˆwrˆ ,
VˆWDM ( rˆwrˆ ) − VˆNFW (
rˆn
rˆ
) + VˆNFW (rˆn) if rˆn > rˆnrˆ
(g) Wave+NFW (SNFW) with continuity condi-
tion on the density profile and on its derivative.
This case was proposed in Bernal et al. (2018). Here we
consider the same density profile Eq. (A14), the con-
tinuity condition ρWDM(r ) = ρNFW(r ) and a differen-
tiable continuity condition at the transition radius r ,
ρ′WDM(r ) = ρ′NFW(r ). With these conditions we have
only three free parameters rw , r and ρw , where
Vˆ2SNFWDC(rˆw, rˆ ) =
=
{
VˆWDM (rˆw) if rˆw ≤ rˆwrˆ .
VˆWDM ( rˆwrˆ ) − VˆNFW (
rˆw
rˆ
) + VˆNFW (rˆw) if rˆn > rˆnrˆ .
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APPENDIX B: COMPARISON PARAMETRIC
VERSUS NON-PARAMETRIC TABLES
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Table B1. In this table we report the different statistical values for Piso (1), NFW (2), Spano (3) and Burkert (4) models. In the
Columns 26–29 we associated the number code, mentioned in the text for every model, to select in ascendent order the best BIC, best
distance between model and LOESS+SIMEX, best 1σ bands distance from the model and LOESS+SIMEX and best χ2
red
value. The
numbers inside parenthesis mean that these models have the same value.
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Table B2. In this table we report the different statistical values for Schive (1), NFW (2), SNFWDC (3) and SNFWC (4) models. The
galaxies with * have four data points. In the Columns 27–30 we associated the number code, mentioned in the text for each model, to
select in ascendent order the best BIC, best distance between model and LOESS+SIMEX, the best 1σ bands distance from the model
and LOESS+SIMEX and the best χ2
red
value. The numbers inside of parenthesis mean the same value (or BIC).
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7
0
.1
6
0
.0
9
0
.0
5
5.
0
×1
0−
16
1
6
9
.3
2
1
8
4
.8
2
0
.1
6
1
.1
0
0
.0
8
4.
9
×1
0−
13
1
7
2
.0
7
1
9
2
.7
4
0
.1
5
0
.1
1
2
3
1
4
4
(2
3
)1
2
4
1
3
3
2
4
1
Table B2. Continue.
MNRAS 000, 1–19 (2018)
